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INTRODUCTION
Meiotic exchange is not distributed randomly along eukaryotic chromosomes. The most pronounced departure from uniformity is observed near centromeres and telomeres in a wide variety of plant and animal genomes. The centromere exerts a negative effect on recombination activity both within itself and in proximal regions (1) .
In human, specific physical and genetic mapping efforts have shown that sex-average recombination rate per physical unit is reduced by at least one order of magnitude across the centromere of chromosome 10 (2), chromosome X (3,4), chromosome 5 (5) and in most proximal regions of chromosome 19 (6) . This reduction is more intense in male with repression extending more than 5 Mb away from the three autosomal centromeres. Chromosome X analysis demonstrates that the centromere effect exists in female as well, with a 8-fold suppresssion across the centromere compared with the average rate of recombination along the whole chromosome (4) .
Several kinds of redundant sequences, including megabaselong satellite DNA and contiguous segmental duplications, hamper the characterization of unique polymorphic markers within centromeric and juxtacentromeric regions respectively. Indeed, a typical juxta-centromeric region consists of a patchwork of contiguous genomic sequences duplicated on several non-homologous chromosomes with high levels of nucleotide identity between copies (7) (8) (9) . This complexity accounts for the lack of reliable physical map and of chromosome-specific polymorphic markers for most juxtacentromeric regions.
In the absence of such tools, only genome-wide recombination maps and female-to-male genetic distance ratio could shed a light on the centromere effect in human. Metacentric chromosomes present a strong positive correlation between sex average recombination rates and the physical distance from centromere (10) (11) (12) . This correlation is mainly due to the centromeric repression in male that is 2-8-fold higher than in female. In contrast, no significant gender difference has been observed in the most proximal regions for acrocentric chromosomes except for chromosome 21, which behaves like a metacentric chromosome in this respect (10) . A meta-analysis of recombination along 21q indicates that the female recombination rate is higher in the most proximal interval (4 cM/Mb) than along the rest of the chromosome (13) and strengthens previous reports showing no suppression of recombination within a 2.4 Mb 21q11.1 interval, 400 kb away from the centromeric alphoid tandem repeats (14) . However, the proximal boundaries of these maps consist of microsatellite elements located within the duplication-rich juxtacentromeric region. Whether the microsatellite typed for each CEPH parent is actually located in 21q11.1 thus remains uncertain. Characterization of chromosome-specific marker in this region could confirm this unexpectedly high female recombination rate near the centromere. Also, the level of recombination activity across the centromere of chromosome 21 is unknown.
Exploring centromeric female recombination activity for chromosome 21 relative to other acrocentric chromosomes might also be relevant for better understanding of the molecular basis of segregation errors resulting in trisomy 21. Indeed, the best documented molecular correlate of meiotic chromosomal non-disjunction (NDJ) is an abnormal frequency and distribution of recombination events between the two non-disjoined chromosomes (reviewed in 15, 16) . Half of NDJ events with the two 21q homologues transmitted during the first meiotic division present no detectable exchange between the two chromosomes. In contrast, those involving two 21q sister chromatids-so called MII events-are associated with a large excess of juxtacentromeric recombination events (17, 18) . The level of confidence in determining whether an NDJ event occurred in MI or MII depends on the genetic distance between the centromere and the most proximal genetic marker used (19) . In most recent studies, the proximal microsatellite marker used is located 1.3 Mb away from the alphoid centromeric block (17) . Consequently, the relative importance of absence of recombination versus centromeric recombination in nondisjunction could be overestimated. However, alphoid polymorphism analysis of non-disjoined chromosome captured individually in hybrid cells failed to reveal any 21q proximal exchange among 10 informative trisomy events (20) . Therefore, if they exist, the undetected recombination events must occur within the very proximal 21q region, within the centromeric region itself or along the short arm of the chromosome.
A second molecular correlate with meiotic non-disjunction of chromosome 21 is the size of the alpha-satellite repeat array. Alpha-satellite, the major type of human centromeric tandem repeat, is present at all human centromeres and is variable in size between homologs for most chromosome pairs (21) (22) (23) (24) . An association between small alphoid size of chromosome 21 and maternal non-disjunction has been reported in two independent studies, with different methods for size estimation of the chromosome 21 alpha-satellite I blocks (25, 26) . On another hand, satellite sequences constitute an important part of centromeric heterochromatin and heterochromatic regions have long been recognized as a poor substrate for recombination regardless of their chromosomal location (27) . As suggested by genetic mapping analysis of Drosophila X chromosomes with partial deletions of centromeric heterochromatin, the large blocks of satellite DNA may influence the centromere effect (28) . Whether small alphoid size and altered recombination distribution are correlated with non-disjunction of human chromosome 21 in dependent mechanistic pathways-with the alphoid block influencing recombination distribution-remains to be investigated.
We report here the characterization of juxta-centromeric markers for chromosome 21, including a short arm microsatellite marker, and the first estimates of recombination activity in male and in female across and near the centromere for both correctly and incorrectly disjoined chromosome 21. We have also investigated whether the size of the alpha-satellite centromeric DNA influences juxta-centromeric recombination.
RESULTS

Extension of the 21p contig sequence using paralogous duplications
Homology search in the BAC end sequence database using the 281 kb 21p contig sequence reported previously (AL163201) (29) identified BAC insert 2503J9 (AF254982.1), the T7 end of which presents 100% identity with the telomeric end of the 21p contig. Sequence analysis of this BAC insert revealed that three contigs (nos 5, 14 and 16) out of its 16 unordered contigs (30 April 2000 version) contain unique, non-tandemly repeated DNA, the remaining contigs consisting of satellite 3 and alphasatellite sequences. Homology search in the human sequence database using ends of each of these three 'non-satellite' contigs identified two BAC sequences (AC027723 and AL139386) assigned to chromosome 10 and chromosome 13 respectively, each of them overlapping with contigs 5 and 14 and with contigs 14 and 16 respectively, with more than 98% nucleotide identity (Fig. 1) . This suggested both an order for these three contigs and a size for each sequence gap between them. PCR amplification of BAC 2503J9 DNA across the two predicted gaps followed by sequencing of the PCR products were then performed and confirmed these predictions. Finally, a 56 026 bp contig was assembled that includes 2.7 kb of sequence overlapping with the distal end of the previously reported 21p contig (99.7% nucleotide identity; see Materials and Methods) followed by 45.6 kb consisting of non-tandemly repeated DNA plus, towards the telomere, 7.6 kb of the satellite 3 block. An independent effort produced by others at the Institute of Molecular Biology of Iena, and aimed at completing the AF254982 sequence, very recently confirmed the order between contig 5 and contig 14 (Dr Platzer, personal communication).
Microsatellite markers in chromosome 21 juxta-centromeric sequences
Fifteen microsatellite elements were analysed, including 11 short tandem repeats (STRs) retrieved from the most proximal sequences of 21q (250 kb scanned) and 21p (326.6 kb), two microsatellites detected within a 41 kb 21p BAC insert not mapped precisely yet (BAC B1L1C6; A. DeSario, personal communication) and two proximal 21q microsatellite markers described elsewhere (30, 31) . In silico homology search using the BLAST tool (32) in human sequence databases together with PCR amplification data using DNAs of a monochromosomal hybrid cell line panel showed that none of these 15 elements is found exclusively as a unique copy within the juxtacentromeric region of chromosome 21 (Table 1) .
Paralogous copies of D21S215 (30) and of D21S369 (31) have been found in databases within sequences assigned to chromosomes 13, 18 and 10 ( Table 1 ). Experimental data confirm that they are present on chromosome 10, 18 and 21 but not on chromosome 13, strongly suggesting incorrect chromosome assignation for this sequence in the database. D21S215 is therefore contained in an interchromosomal duplication but also in an intrachromosomal tandem duplication as it is present in several copies on each of chromosome 21 (two copies), chromosome 18 (two copies) and chromosome 10 (four copies). For the remaining 13 other STRs, 600 bp of sequence flanking, on one side, paralogous copies of each STR were obtained by sequencing the PCR products amplified from monochromosomal DNAs. Multiple alignment between sequences produced experimentally plus those available in the sequence databases revealed a high level of nucleotide identity between paralogous copies, often close to allelic levels (less than 1/500 base substitutional difference between pairs of sequences). For the six most proximal 21p microsatellites plus one unassigned 21p microsatellite (B1L1C6.CA) there was no flanking base present only on chromosome 21. Visual inspection of electropherograms of PCR products amplified from chromosome 21, 13 and 15 revealed several double peaks scattered along the sequence, indicating that at least two distinct but highly similar copies were present on each of these chromosomes for the seven microsatellites. Furthermore, the same nucleotidic differences found between these intrachromosomal copies were observed for the three different acrocentric chromosomes and fewer sequence variations were found between inter-chromosomal copies. This suggests that duplication occurred first within a chromosome short arm, before the recent (or ongoing) inter-chromosomal spreading of each copy.
Only in the six remaining cases was a base at a variant site in the flanking sequence specific for the 21 juxta-centromeric copy. These were used to detect the microsatellite either by designing PCR primers specific for the variant nucleotide at their 3 0 end or by restriction analysis following PCR, the variant base creating a restriction polymorphism between paralogous copies (Fig. 2) . In three cases out of six, the unique STR detected was polymorphic between unrelated individuals. A highly polymorphic CA dinucleotide repeat (2503J9.TG), with 80% heterozygosity and 12 alleles among CEPH parents, was located 800 bp proximal from the satellite 3 block in 21p10 (BAC insert 2503J9). An imperfect CYTT tetranucleotide repeat (f 92b11.tetra) and a TA dinucleotide repeat (f 92b11.TA) located 550 bp away from each other, in 21q11.1, at 214 kb from the centromeric alphoid block (within clone f 92b11) (29) presented respectively two and three alleles among CEPH parents. Analysis of inheritance of alleles of f 92b11.TA and of 2503J9.TG microsatellite showed that one of the two alleles was not detected for two and four individuals, respectively, among 57 unrelated grand-parents. Moreover, the paralogous specific base used for the detection of 2503J9.TG, that had been detected by sequencing monochromosomal hybrid cell DNA of chromosome 21, was not present in the sequence available in database and assigned to chromosome 21 (AF254982; Fig. 2 ). These two observations suggest that the nucleotidic variation which allows discrimination of chromosome 21 juxtacentromeric microsatellite from other paralogous copies in the two cases was not present on all chromosomes 21, being an allelic variant base as well as a paralogous variant base.
Recombination rates across and near the centromere of chromosome 21
Estimates of recombination rates per physical unit across and near the centromere (Fig. 3) were obtained from CRIMAP analyses of segregation data in 40 CEPH reference families of the two juxtacentromeric markers f 92B11.TA and 2503J9.TG Figure 1 . Juxtacentromeric sequences of human chromosome 21. Proximal 21p contig sequences AL163201 and 21q contig sequences AL163202 are shown on each side of the centromeric alpha-satellite I block (stripped box interrupted, CEN). Thirteen microsatellite elements among which 11 have a known location (vertical ticks) have been chosen all along the region for developing polymorphic markers. Sequence AF254982 of BAC insert 2503J9 extends the 21p contig towards the telomere, up to the satellite 3 block (dotted box) and the alpha-satellite II blocks (stripped boxes). Its proximal end shows 99.7% identity over a 2.7 kb overlap with the distal end of contig AL163201. The upper box magnifies the proximal end of sequence AF254982. This end comprises three contigs which have been assembled in silico using highly homologous paralogous sequences AC027723 and AL139386. This organization was confirmed experimentally by PCR amplification across the putative gaps (arrows) and sequencing of the resulting products. plus 22 other 21q markers, up to 6.6 Mb (6597 kb) away from the alphoid block (D21S1905). The location of these markers along the sequence map of chromosome 21 (29) was precisely determined from BLAST homology analyses. Using the CHROMPIC function of CRIMAP, 71 female and 10 male recombination events could be mapped in this region, within intervals as small as 44 kb (D21S409-D21S364). As no recombination event was detected between the three most proximal 21q11 loci (f 92b11-TA, D21S369 and D21S215), these were considered together as a megalocus. As none of the uninformative families for these three markers was informative for f 92b11-tetra, this marker was not used for segregation analyses. In the males, no recombination event among 146 double informative meioses was found between this 21q11 megalocus and the 21p10 locus (2503J9.TG), an interval spanning 2.3 Mb on average (see below for size estimation of alphoid blocks). Two crossovers among 298 informative male meioses were found in the proximal 2 Mb region, between this most proximal megalocus and a set of four loci clustered within 59 kb (D21S192, D21S1231, D21S415, D21S1234; only D21S192 is presented in Fig. 3 out of these four). Eight crossovers among 236 male informative events were found in the distal 3.7 Mb interval (D21S1234-D21S11). These figures indicate a strong repression of recombination across and also at distance from the centromere in male. In the females, one recombination event was found among 153 double informative meioses within the alphoid-centromeric interval delineated by the 21p10 marker and the 21q11 most proximal megalocus. Twenty-six crossovers among 273 informative meioses could be mapped unambiguously within the most proximal 2 Mb region, including nine crossovers within the region proximal to D21S408, and 41 crossovers among 255 informative meioses were found within the distal 3.8 Mb interval (D21S1231-D21S1905). The markers considered arbitrarily for delineating these two intervals were not informative in the three remaining cases. Therefore, the repressive effect upon recombination across the centromere was also observed in the females, with an 10-fold reduction of recombination activity (0.23 cM/Mb) compared with chromosome average (12, 13 Inter-individual variations in recombination events distribution and in size of alpha-satellite block Some mothers among the seven largest CEPH families present more recombination events within the proximal 6.6 Mb 21q For each of 15 short tandem repeats (named after its D number or clone name), the first row presents information concerning the chromosome 21 juxtacentromeric copy of the microsatellite. This includes the distance from the centromeric alpha-satellite block (number of kb from a), the chromosome band assignation (Chr), the nucleotide coordinate of the element (Nu) within the chromosome 21 contig sequence (GenBank accession number; Gb Ac), the number and type of repeats of the microsatellite and the chromosomes on which paralogous copies have been detected experimentally by PCR screening of a monochromosomal hybrid cell panel.
The following rows give the same information for paralogous copies of the microsatellite found within sequence databases together with the percentage of nucleotide identity with the chromosome 21 juxtacentromeric microsatellite locus comprising 1000 bp of flanking sequence on each side of the tandem array (%id/ 21). Chromosome assignation of paralogous sequences available in databases can be erroneous and then conflict with experimental data. Conversely, paralogous copies available in sequence databases, especially most diverged ones, could be undetected by PCR amplification from monochromosomal hybrid cell DNA.
region than others, extremes being family 884 with no female recombination event in the region among five children having inherited a recombinant chromosome and family 1331 showing five maternal recombination events in this region among seven recombinant children. This observation is reminiscent of interindividual variations observed in the overall frequency of recombination in female (10, 12) and it also suggests that the distribution of juxtacentromeric recombination varies between women. We hypothesized that the size of the alphoid DNA could influence in cis the extent of repression of recombination near 21cen. The size of the alpha-satellite blocks of chromosome 21 was therefore estimated by quantitative FISH (Q-FISH) using both alpha-satellite I probe aRI-680 and a non-repeated YAC DNA probe, located in 21q22, as an internal standard (25) . Relationship between the intensity of a FISH signal and the actual physical size of the corresponding alpha-satellite block was deduced from pilot Q-FISH experiments with four chromosome 21 (one individual plus two monochromosomal hybrids) for which alphoid size had been estimated previously by Pulse Field Gel Electrophoresis and Southern blot analyses (23 and data not shown). Alpha-satellite type I block of chromosome 21 varied considerably in size between individuals, from less than 100 kb to 5.3 Mb (1.8 Mb on average) among 32 chromosome 21 (Fig. 4A) , including those of the parents of the seven largest CEPH families. However, we found no strong relationship between distribution of recombination events in the pericentromeric region and size or combined size of the alphoid block of the two recombining chromosome 21 for seven CEPH mothers (Fig. 4B) .
Juxtacentromeric recombination and non-disjunction
To further examine the characteristics of recombination on chromosome 21 non-disjunction, 67 father-mother-trisomic child trios for which no recombination event had been detected previously along the two non-disjoined maternal 21q homologues (17) were typed with the juxtacentromeric markers. The hypothesis that we explored was that these errors were not related to the lack of recombination, but instead to a centromeric recombinant event that had not been identified using only pericentromeric markers on 21q. The mother was heterozygous for the 21p10 marker in each of 26 trios (Table 2) . In three cases, the mother, the father and the child shared the same two bands and therefore they were uninformative. Overall, 23 trios were thus informative for the 21p10 marker. In two of the 23 informative cases, the father showed one band, the mother was heterozygous and her child showed only the two maternal alleles that were of the same intensity. Given the results from the CEPH families presented above, the likely explanation for these two cases is that the father transmitted a null allele to the trisomic child.
Ten trios were informative for the 21q11 proximal marker, f 92b11.TA, among which five were already informative with the 21p10 maker. All 10 cases, including seven cases solved by dosage analysis and three cases for which the three alleles of the trisomic child were distinct, showed transmission of the two maternal alleles.
Therefore, none of the non-disjoined chromosomes that were informative for at least one of the two juxtacentromeric markers show a recombination event within the newly explored centromeric region (23 cases) or within the most proximal juxtacentromeric interval (five additional cases). These results support the original hypothesis that the non-disjunctional error in this subset of cases was associated with the lack of recombination, not undetected centromeric recombination.
DISCUSSION
We have characterised unique microsatellite markers embedded within the highly duplicated sequences found on both sides of the alpha-satellite centromeric block of chromosome 21. To achieve this, we extended 21p sequence contig and developed an approach derived from ARMS-PCR (33) and based on the use of paralogous specific variant bases (PSVs) (34) for the specific detection of the copy of the microsatellite elements found in chromosome 21 juxtacentromeric region.
Segregation analysis of these polymorphic genetic markers in reference families shows a strong repression of recombination across the centromere in male and confirms and refines previous observations (13) of a long-distance centromere effect in male. Female recombination is also repressed across the centromere, 10-fold compared with chromosome 21 average. However, in contrast to male, recombination is not suppressed in the most proximal region of the q arm in female and it is even 20-fold higher than in the centromeric interval. A recombinationally hyperactive female-specific region has also been localized at 5 Mb away from the centromere between D21S409 and D21S364. This high level of recombination activity was already noticeable in a previous study (13) , but adding segregation data of other nearby markers confirmed this observation and refined the localization of this hot region. Further refinement of the genetic map in this short interval might help fine-scale characterization of the first female recombination hot-spot(s) in human.
The mechanistic basis of non-disjunction of chromosome 21, leading to Down syndrome, is poorly understood. The two known molecular correlates with segregation errors of chromosome 21 are altered recombination and size of the centromeric alphoid block. Two independent studies have suggested that prevalence of small alphoid blocks is higher among mothers with a trisomic child than among correctly disjoined chromosomes 21 (25, 26) . Our study, which represents the first attempt to examine whether these two different observations share a common mechanism, suggests that the two effects are independent of each other. Size of the alphasatellite block does not have a major effect on frequency of pericentromeric recombination. Segregation errors involving alphoid size could be more closely related to the centromere function itself than to the repression of recombination that the centromere exerts in its vicinity. Such an hypothesis has been tested previously and no relationship could be found between centromeric alphoid size of human chromosome Y and frequency of disomy in sperm (35) . However, as it seems that non-disjunction results from the sum of various phenomena, each having a minor influence in the final outcome, only studies involving a much larger number of families (without and with trisomy 21 children) could rule out subtle relationships between these phenomena.
We show here that none of 28 informative non-disjoined chromosome 21 previously typed as nullitransitional homologs (i.e. without detectable crossover event) present a recombination event across the centromeric region or in most proximal sequences. This strengthens previous analysis of such 21q nullitransitional MI non-disjoined chromosomes captured individually in hybrid cells that indicated that proximal recombination in 21q is infrequent in trisomy-generating meioses (20) . However, the discrepancies observed between meiotic stage determination based on proximal 21q markers and those based on 21p chromosome heteromorphisms (36, 37) must still be considered. These could be attributed to recombination along short arm sequences located distally from the 21p10 marker described here, at least 340 kb distal from the alphoid centromeric block. Recent analysis of crossover distribution along chromosome 21 in Down syndrome patients presenting a (14q21q) robertsonian translocation suggests that this illegitimate exchange between short arms interferes with the location of crossover between long arms (38) . In turn and as shown for free trisomy 21 events (17), these distal exchanges between long arms would increase the probability of a segregation error. Legitimate recombination activity along the short arm of chromosome 21 therefore remains to be investigated. In addition, the relationship between alphoid sequences and non-disjunction associated with detectable pericentromeric recombination described previously (17, 18) needs to be further investigated.
The approach for characterizing chromosome-specific polymorphic markers embedded within duplication-rich regions should open the route to recombination analysis across most human centromeres and also within short arms of acrocentric chromosomes. However, only three markers were developed in this study out of 13 microsatellite elements tested because it was not possible, for most microsatellites, to find one variant base not shared with any other paralogous copies and close enough to the tandem repeat to be useful. This was due both to an extremely high nucleotide identity between copies, often above 99%, and also to the high number of inter-and intrachromosomal paralogous copies. The extension of the contig sequence of chromosome 21p reported here relies on a 2772 bp overlap with five base substitutions between the distal end of the existing contig and the new clone sequenced. Although this figure is consistent with estimates of nucleotide diversity for chromosome 21 (39, 40) , the extremely high level of identity between non-homologous chromosomes in these regions makes it still possible that this clone originates from another chromosome. It could also originate from a paralogous duplication on chromosome 21p, on the distal side of the satellite 3 block. This would reconcile the discrepancy between the distribution of satellite blocks on the short arm suggested by the present analysis (cen > satellite 3 > alpha II > tel) and the one reported previously (41) . In this latter case, the microsatellite typed here and embedded in this clone would be located less than 400 kb further distal from the centromeric alphoid block, a figure that would not substantially change the overall picture of repressed recombination activity across the region. A better physical characterization of the short arm of all acrocentric chromosomes could respond to this uncertainity as the high probability of physical mapping errors in these regions originates in part from the fact that very few of the paralogous copies are properly mapped. Further, in-depth analysis of the level of nucleotide identity between and along short arm sequences of acrocentric chromosomes should allow the characterization of new specific polymorphic markers and should also provide hints concerning the mechanisms underlying exchanges between non-homologous chromosomes.
MATERIALS AND METHODS
Extension of the 21p contig sequence
The TIGR BAC end sequence database (www.tigr.org/tdb/ humgen/bac_end_search.html) was screened with sequence AL163201. The T7 end of BAC insert 2503J9 was detected, showing 100% identity over 553 overlapping bases with the telomeric end of the contig. The BAC insert was sequenced in the genome sequencing center of the Institute of Molecular Biotechnology in Jena (Germany). Size estimates of the whole BAC insert and of the satellite blocks that it contains were deduced from pulse-field gel electrophoresis and Southern blot analyses and were consistent with the figures given by sequence analysis (data not shown).
Using the BLAST tool, the T7 end of the sequenced BAC 2503J9 (AF254982.1) showed 16 mismatches over 2772 overlapping bases with the 21p contig sequence AL163201, including three mismatches within polyA tracts. Eleven mismatches including these latter three plus eight base substitutions were found grouped within a 421 base-long region. Re-sequencing of this short region amplified from DNA of BAC 2503J9 using PCR primers 2503J9-olpB8.F (5 0 GACATGAATGAAAGCCCAGT 3 0 ) and primers 2503J9-olpB8.R (5 0 GGTCTGCACACTTGCAATGC 3 0 ) showed that four mismatches out of these eight base substitutions were sequencing errors and were, instead, identical to the corresponding AL163201 bases. Recent re-sequencing of the whole region in the Genome Sequencing laboratory of Iena confirmed that these four mismatches plus four others outside the 421 bp region were errors. The level of nucleotide identity between AL163201 and AF254982 over the overlap is therefore 99.8% (five base substitutions/2772 bp), excluding short tandem repeat polymorphisms.
Detection of juxtacentromeric microsatellite elements
Microsatellite elements were sought in silico in the 250 kb most proximal sequences of 21q, in the 326.6 kb chromosome 21p sequence and in 21p sequence AL049849 (BAC B1L1C6) with the Tandem Repeat Finder program (42) (http://tandem. biomath.mssm.edu/trf.html). Mononucleotide repeats and microsatellite elements containing less than 10 perfect repeats or flanked with dispersed repeats on each side were not considered further for analysis. The BLAST tool (32) was used to screen non-redundant (nr) and unfinished (htgs) human genomic sequence databases with the flanking sequences of the selected microsatellite elements in order to detect sequence of paralogous copies. The ClustalW multialignment program (43) was used to detect variant bases between flanking sequences of these paralogous copies.
For dinucleotide repeat 2503J9.TG, the 5 0 end of primer 2503J9.TG5 (5 0 GGATCAATGCCCACTCCATGTC 3 0 ) was radioactively labelled with P33 using polynucleotide kinase.
The microsatellite was then amplified from 100 ng genomic DNA, using 0.4 mM of this labelled primer, 0.4 mM of the copy-specific primer 2503J9.TGX (5 0 AACAGCTTGATGAA-CGGGT 3 0 ) and one unit of Taq DNA polymerase (Promega) in a buffer described previously (44) and in 20 ml volume. Cycling conditions in a Hybaid PCR express thermocycler were: 94 C, 1 min followed by 30 cycles at 94 C, 20 s, 66 C, 20 s and 72 C, 1 min. Dinucleotide repeat f 92b11.TA was amplified using the labelled primer f 92b11.TanE (5 0 GACCCTGACTTCCTGATTTG 3 0 ) and primer f 92b11.TanD (5 0 TTCTGTCCACCCTTCACAAG 3 0 ) in the same conditions except for annealing temperature (58 C). Following amplification, f 92b11.TA PCR product was ethanol-precipitated, washed, resuspended in 5 ml water and subjected to 2 h RsaI digest (1 unit). In the two cases, the products were subsequently subjected to electrophoresis in a 35 cm long denaturing (urea 7 M) 5% polyacrylamide gel (acrylamide : bisacrylamide 39 : 1) and the gel was dried and exposed to an autoradiography film.
Tetranucleotide repeat f 92b11.Tet was similarly amplified with unlabelled primers f 92b11.TetE (5 0 GCAAAGTATTTG-CTTATTGACTG 3 0 ) and f 92b11.TetF (5 0 GAAGCTTCCAAA-CATGGCG 3 0 ) at 58 C annealing temperature followed by BclI restriction of the PCR product. Restriction digest products were then subjected to electrophoresis in a 4.5% non-denaturing 20 cm long polyacrylamide gel which was subsequently stained in ethidium bromide solution.
